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Abstract The cAMP receptor protein SYCRP1 in cyanobac-
terium Synechocystis sp. PCC 6803 is a regulatory protein that
binds to the consensus DNA sequence (5P-AAATGTGATCTA-
GATCACATTT-3P) for the cAMP receptor protein CRP in
Escherichia coli. Here we examined the e¡ects of systematic
single base-pair substitutions at positions 4^8 (TGTGA) of the
consensus sequence on the speci¢c binding of SYCRP1. The
consensus sequence exhibited the highest a⁄nity, and the e¡ects
of base-pair substitutions at positions 5 and 7 were the most
deleterious. The result is similar to that previously reported for
CRP, whereas there were di¡erences between SYCRP1 and
CRP in the rank order of a⁄nity for each substitution.
6 2004 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction
cAMP acts as an intracellular signaling molecule in both
prokaryotic and eukaryotic cells. Cells regulate gene expres-
sion by changing the intracellular concentration of cAMP in
response to environmental changes [1]. Some prokaryotic cells
have a regulatory protein that binds to speci¢c DNA sequen-
ces in the presence of cAMP, turning on and o¡ hundreds of
genes. Recently, it has been found that cyanobacterium Syn-
echocystis sp. PCC 6803 also possesses this type of cAMP
receptor protein, which is referred to as SYCRP1 [2]. The
amino acid sequence of SYCRP1 shows only 23% similarity
to that of Escherichia coli cAMP receptor protein (CRP),
which is a well-studied cAMP receptor protein the three-di-
mensional structure of which has already been determined
[3,4]. Despite the low amino acid sequence similarity,
SYCRP1 has been shown to bind speci¢cally to the 22 bp
consensus DNA sequence (5P-A1A2A3T4G5T6G7A8T9C10T11-
A12G13A14T15C16A17C18A19T20T21T22-3P [5]) for CRP in the
presence of cAMP [3]. This can be understood by considering
that the three-dimensional structure of SYCRP1 is predicted
to be very similar to that of CRP [6], and that three key
amino acids, Arg-196, Glu-197, and Arg-201 in the helix-
turn-helix motif of the DNA-binding domain in SYCRP1,
are located at almost the same positions as found in CRP
[4]. It is therefore likely that the interaction between SYCRP1
and DNA is similar to that found in the CRP^DNA complex.
However, it is not clear which base-pairs of the consensus
DNA sequence contribute to the speci¢c binding between
SYCRP1 and DNA.
In this study, we addressed the binding mechanism between
SYCRP1 and DNA by identifying which base-pairs in the
consensus DNA sequence play crucial roles in binding speci-
¢city. For this purpose, we measured the binding free energy
changes between SYCRP1 and DNA by conducting system-
atic single base-pair substitution experiments [7^11]. We syn-
thesized the consensus DNA sequence (wild-type) for CRP
and point-mutated sequences consisting of all possible single
base-pair substitutions at positions 4^8 (T4G5T6G7A8), which
is the highly conserved sequence for CRP binding, of the
consensus DNA sequence. We found that the consensus
(wild-type) sequence showed the highest a⁄nity, and that sub-
stitutions at G5 and G7 resulted in signi¢cant reduction of
binding free energy.
2. Materials and methods
2.1. Preparation of SYCRP1
SYCRP1 used in this study was prepared by the method established
by Yoshimura et al. [2]. The puri¢ed SYCRP1 was suspended in 50
mM Tris^HCl (pH 8.0), 200 mM NaCl, and 50% glycerol, then stored
at 320‡C. The concentrations of SYCRP1 were measured using a
protein assay kit II (Bio-Rad), and additional con¢rmation was ob-
tained by the method proposed by Gill and von Hippel [12].
2.2. Preparation of DNA
We prepared 16 fragments of 40 bp double-stranded DNA with a
single protruding base G at the 5P ends (Fig. 1). One of the DNA
fragments, ICAP, which contains the 22 bp consensus sequence for
CRP, was used as the wild-type sequence in this study. The sequence
of ICAP is 5P-(G)CAACGCAATAAATGTGATCTAGATCACA-
TTTTAGGCACCC-3P, where the 5P-protruding base is in parenthe-
ses. The remaining fragments were prepared by systematic base-pair
substitution within the underlined portion (positions 4^8) in the ICAP
sequence. In addition, we also prepared another 40 bp double-
stranded DNA fragment, slr1667, which was shown to be regulated
by SYCRP1 [6]. The sequence of slr1667 is 5P-(G)ATACA-
CAACAGTTGTGATCTGGGTCACAACCATTGAGTGA-3P, where
the underlined bases and the base in parentheses indicate the bases
identical with those of ICAP and the 5P-protruding base, respectively.
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On the other strand, the 5P-protruding base was A. The highly con-
served bases of CRP binding are printed in boldface.
The DNA used in this study was commercially synthesized and
puri¢ed by high performance liquid chromatography. Each oligonu-
cleotide was suspended in 50 mM Tris^HCl (pH 7.5), 100 mM NaCl,
1 mM EDTA, and annealed in the presence of its complementary
strand so as to obtain a double-stranded form. The resulting DNA
fragments were labeled with [Q-32P]ATP (Amersham) using T4 poly-
nucleotide kinase (Toyobo). DNA fragments thus prepared were ¢-
nally puri¢ed through a Sephadex G-50 column (Pharmacia). Then
the puri¢ed DNA fragments were used in the titration experiments.
2.3. Binding titration experiment and determination of vvG
To calculate the binding free energy vG, we must determine the
equilibrium constant for SYCRP1^DNA binding. The equilibrium
dissociation constant Kd for SYCRP1^DNA binding was measured
by quantitative electrophoresis mobility shift assay (EMSA) [2,10,13].
The labeled DNA sample, at a concentration 10^1000-fold lower than
the Kd value, was mixed with a gradient concentration of SYCRP1 in
30 Wl of binding bu¡er (50 mM Tris^HCl (pH 7.5), 60 mM NaCl,
1 mM EDTA, 8.3% glycerol, 0.1 mg/ml bovine serum albumin) with a
¢nal concentration of 20 WM cAMP. After incubation at about 22‡C
for 30 min to reach equilibrium, the samples were quickly loaded onto
a 10% non-denaturing polyacrylamide gel. Electrophoresis was per-
formed for 30^45 min at 400 V in 0.25UTBE bu¡er with 20 WM
cAMP. The results were not a¡ected by the electrophoresis time.
The resulting gel was dried and visualized in a Fujix BAS1000 system
(Fuji ¢lm). The photo-densities of the SYCRP1^DNA complex and
the free DNA bands were determined.
We assumed that the binding reaction obeys the following reaction
scheme:
Dþ S1DS ð1Þ
where D and S denote DNA and SYCRP1 with a cAMP molecule,
respectively, and DS represents their complex. The equilibrium disso-
ciation constant for this reaction is given by:
Kd ¼ ½D½S½DS ð2Þ
Simple transformation of Eq. 2 and the assumption of [D]IKd give
us the following form:
y ¼ aþ b
1þ x=Kd ð3Þ
where x denotes the SYCRP1 concentration added to the reaction
bu¡er and y denotes the fraction of the free DNA, i.e. [D]/
([D]+[DS]). The parameters a and b are mere constants to adjust
the baseline. Eq. 3 was used to ¢t the titration experimental data,
and Kd was obtained as a result of ¢tting. The ¢tting was done by
non-linear regression based on the Marquardt^Levenberg algorithm
as implemented in IGOR Pro 3.1 (WaveMetrics). The binding free
energy change vvG was calculated as:
vvG ¼ vGmutant3vGICAP ¼ RT lnK
mutant
d
K ICAPd
ð4Þ
where R is the gas constant and T is the absolute temperature. Posi-
tive vvG indicates reduction of binding a⁄nity. Note that a 10-fold
decrease in binding a⁄nity corresponds to vvGW1.3 kcal/mol (at
22‡C).
3. Results
Fig. 2 shows typical gel images for SYCRP1 binding to the
consensus sequence ICAP and the point-mutated ICAP se-
quences in Fig. 1. It is shown that the fraction of the
SYCRP1^DNA complex became larger and that of the free
double-stranded DNA became smaller as the concentration of
the added SYCRP1 increased. From the photo-density for the
SYCRP1^DNA complex band and that for the free double-
stranded DNA band, we calculated the fraction of free dou-
ble-stranded DNA as a function of added SYCRP1 concen-
tration. In Fig. 3, the titration curves thus obtained for ICAP
and for a point-mutated ICAP ([7A]ICAP) are presented. The
dissociation constant Kd can be roughly estimated from the
concentration of the added SYCRP1 at which the fraction of
the free DNA becomes one-half. Fig. 3 shows that the Kd
value for the point-mutated ICAP ([7A]ICAP) was 20 times
larger than that for the consensus ICAP, indicating that in-
troduction of a single base-pair substitution causes a 1.8 kcal/
mol increase in binding free energy. The titration experimental
Fig. 1. DNA sequences used in this study. The base numbering fol-
lows that used in [11]. ICAP is the consensus DNA for CRP. Posi-
tions 4^8 in ICAP were subjected to systematic single base-pair sub-
stitution. All the possible DNA sequences with single base-pair
substitution are shown.
Fig. 2. Quantitative EMSA for SYCRP1 binding to DNA. Typical
autoradiograms of gels are shown for ICAP, [4G]ICAP, and
[7A]ICAP. From the left to the right lanes, ¢nal protein concentra-
tions are 0 M, 6.6 pM, 13 pM, 33 pM, 66 pM, 130 pM, 330 pM,
0.66 nM, 1.3 nM, 3.3 nM, 6.6 nM, 13 nM, and 33 nM, respec-
tively.
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data were well ¢tted to the theoretical curve derived from the
assumption of the simple binding reaction scheme (Eqs. 1^3).
Thus, all Kd values were obtained by ¢tting the titration ex-
perimental data to Eq. 3.
By using the obtained Kd values, we calculated the binding
free energy changes caused by the systematic single base-pair
substitution. The vvG values for the respective single base-
pair substitutions are summarized in Fig. 4. A positive vvG
value means that the binding a⁄nity is reduced by the base-
pair substitution. Fig. 4 shows that all of the substitutions
resulted in an increase of binding free energy, indicating
that ICAP possesses the highest binding a⁄nity with
SYCRP1. Substitutions at G5 and G7 strongly a¡ected the
binding a⁄nity, resulting in signi¢cant increases (of more
than 4 kcal/mol for T or C substitution) in binding free en-
ergy. This indicates that G5 and G7 of the consensus sequence
play crucial roles in binding speci¢city between SYCRP1 and
DNA. In contrast to the substitutions of GCT/C at positions
5 and 7, other substitutions showed milder but non-negligible
changes (2^3 kcal/mol or less) in binding free energy. In ad-
dition to single base-pair substitutions of the base-pairs in the
TGTGA motif, we also examined the e¡ect of substitution
outside the TGTGA motif on the binding a⁄nity by using
the actual promoter sequence of the slr1667 gene of cyano-
bacterium [6], which contains the TGTGA motif and is
known to be regulated by SYCRP1. Fig. 4 for slr1667 shows
that substitution outside the TGTGA motif exerted a negli-
gible in£uence on the binding free energy.
4. Discussion
We clari¢ed that G:C base-pairs at positions 5 and 7 within
the consensus sequence, 5P-AAATGTGATCTAGATCACA-
TTT-3P, exhibited crucial contributions to the binding speci-
¢city between DNA and SYCRP1, and that other base-pairs
within the TGTGA motif also contributed to some extent to
the speci¢city. Given that substitution outside the TGTGA
motif had little e¡ect on the binding free energy, the highly
conserved base-pairs, TGTGA, in the consensus DNA se-
quence for CRP appear to be su⁄cient for the speci¢c binding
of SYCRP1.
It is worthwhile to compare our results of SYCRP1 of
cyanobacterium with those of other homologous proteins of
di¡erent organisms. As mentioned above, CRP in E. coli was
previously found to exhibit high a⁄nity with the consensus
ICAP sequence used in this study [14]. It is interesting that the
base-pairs involved in speci¢city for CRP, that is, G:C pairs
at positions 5 and 7 [11,15], are the same as those found in
our study. Although SYCRP1 has only low amino acid se-
quence similarity to CRP in total (23%), it shows a high local
sequence similarity to CRP in the domain corresponding to
the DNA-binding domain of CRP (Fig. 5). According to the
crystal three-dimensional structure, this domain of CRP forms
a helix-turn-helix motif, and one of the helices ¢ts into the
major groove of DNA [4]. In the helix, three amino acids
(Arg180, Glu181, and Arg185) are shown to interact directly
with G:C base-pairs at positions 5 and 7 through hydrogen
bonding. With regard to SYCRP1, although its three-dimen-
sional structure has not yet been determined experimentally,
Fig. 3. Titration curves for the SYCRP1^ICAP binding (a) and the
SYCRP1^[7A]ICAP binding (b). The fraction of free DNA is
shown as a function of the concentration of SYCRP1. Error bars
represent standard errors calculated from three independent experi-
ments. The solid and the broken lines are the best ¢tting curves ob-
tained by non-linear regression.
Fig. 4. E¡ect of single base-pair substitutions on binding free energy
change vvG. The sequence shown at the bottom is that of ICAP.
Each bar shows the vvG corresponding to the base substitution in-
dicated at the bottom. Kd values were determined by quantitative
EMSA and transformed into vvG values as described in Section 2.
Error bars are the standard errors calculated from three indepen-
dent experiments.
Fig. 5. The amino acid sequence in the recognition helix of CRP
and the corresponding sequence for SYCRP1. The amino acid resi-
dues from 180 to 194 in CRP appear in the recognition helix of
CRP. The closed circles (b) represent the key amino acids that are
found to form hydrogen bonds with base-pairs at positions 5 and 7
[4]. Identical amino acids between CRP and SYCRP1 are indicated
by vertical lines.
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the homology-modeling method [16] predicted that its three-
dimensional structure is very similar to that of CRP, with the
above-mentioned three functional amino acid residues posi-
tioned almost as they are in CRP [6]. Therefore, for the
SYCRP1^DNA binding as well, it is very likely that G:C
pairs at positions 5 and 7 are involved in direct contact
with the conserved three key amino acid residues of SYCRP1
through hydrogen bonding. The free energy increase of more
than 4 kcal/mol caused by substitutions at positions 5 and 7
(Fig. 4) is consistent with the energy for more than two hydro-
gen bonds.
The catabolite gene activator protein-like protein in Xan-
thomonas campestris (CLP) shows 45% amino acid sequence
similarity to CRP and also has the three key amino acid
residues [17]. The base-pairs involved in the speci¢city for
CLP^DNA binding are the same as those in the SYCRP1
and CRP cases, i.e. G:C pairs at positions 5 and 7. Consid-
ering these facts on SYCRP1, CRP, and CLP, it can be specu-
lated that the local interactions between the G:C pairs and the
three conserved functional amino acid residues are of impor-
tance in the binding speci¢city between DNA and CRP-like
proteins.
Although the overall trend of binding free energy changes
due to systematic single base-pair substitution is similar to
that reported in CRP, there were di¡erences between
SYCRP1 and CRP in the rank order of binding free energy
changes for each substitution. With regard to the substitution
of the G:C pair at position 5, vvG is ranked so that A:T6
C:G6T:A for SYCRP1 (Fig. 4) and T:A6A:T6C:G for
CRP [11]. In SYCRP1, in contrast with CRP, the A:T sub-
stitution is preferred to the T:A substitution. With regard to
the substitution of the G:C pair at position 7, the rank order
of vvG for SYCRP1 is A:TIT:AWC:G (Fig. 4), and that
for CRP is T:AIA:TWC:G [11]. Again in SYCRP1 and in
contrast with CRP the A:T substitution is preferred to the
T:A substitution.
Without detailed three-dimensional structure knowledge of
the SYCRP1^DNA complex, we cannot address the reason
why these di¡erences in rank order of vvG appeared. How-
ever, one possible explanation is that the di¡erences in rank
order of vvG may be caused by the local interactions with
non-conserved amino acids. The observed di¡erences in rank
order may also suggest that non-local or indirect interactions,
including an allosteric e¡ect like that found in CRP [18,19],
play a role in modulating binding a⁄nity. Although examina-
tion of these possibilities is beyond the scope of the present
study, it is essential to accumulate further fundamental knowl-
edge of the e¡ect of amino acid substitutions on binding af-
¢nity and to determine the three-dimensional structure of
both the isolated protein and the complex with DNA.
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